Fast inhibitory neurotransmission in the brain is largely mediated by the -aminobutyric acidtype A (GABA-A) receptor. The 3 ,5 -reduced neurosteroids (e.g. allopregnanolone) are the most potent endogenous modulators of the GABA-A receptor. While it is known that 3 ,5 -reduced neurosteroid levels change during stress or depression, and over the estrus cycle, a basic physiological role consistent with their pharmacological action remains elusive. We used the unique architecture of the auditory midbrain to reveal a role for 3 ,5 -reduced neurosteroids in regulating inhibitory efficacy. After blocking the massive GABA-ergic projection from the dorsal nucleus of the lateral lemniscus (DNLL) to the contralateral central nucleus of the inferior colliculus (ICC) in anesthetized rats, a reactive increase in the efficacy of other inhibitory circuits in the ICC (separable because of the dominant ear that drives each circuit) was demonstrated with physiological measures -single-neuron activity and a neuralpopulation-evoked response. This effect was prevented by blocking 3 ,5 -reduced neurosteroid synthesis with a 5 -reductase inhibitor: finasteride. Immunohistochemistry confirmed that the DNLL blockade induced an increase in 3 ,5 -reduced neurosteroids in the contralateral ICC. This study shows that when GABA-ergic inhibition is reduced, the brain compensates within minutes by locally increasing synthesis of neurosteroids, thereby balancing excitatory and inhibitory inputs in complex neural circuits.
INTRODUCTION
Various neurosteroids are synthesized in the brain where they act upon ligand-gated ion channels and G-protein coupled receptors, including N-methyl-D-aspartate (NMDA), -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), kainate, GABA-A, glycine, 5-hydroxytryptamine 3, nicotinic acetylcholine, oxytocin and sigma 1 receptors (Rupprecht and Holsboer 1999) . The 3 ,5 -reduced derivatives of progesterone (3 -hydroxy-5 -pregnan-20-one, also known as 3 ,5 -THP or allopregnanolone) and deoxycorticosterone (3 , are positive allosteric modulators of the GABA-A receptor, enhancing neuronal inhibition (Lambert et al. 2001; Majewska et al. 1986 ). Although the 3 ,5 -reduced neurosteroids can reach effective physiological levels within minutes (Purdy et al. 1991) , there appear to be no readily releasable pools (Corpechot et al. 1993; Korneyev et al. 1993 ).
Rather, their synthesis (Fig. 1) is upregulated on demand (Reddy and Rogawski 2002).
Altered brain levels of 3 ,5 -reduced neurosteroids have been demonstrated during stress (Purdy et al. 1991) and depression (Uzunova et al. 1998) , over the estrus cycle (Palumbo et al. 1995) , and following ethanol ingestion (VanDoren et al. 2000) ; however, the mediating physiological determinant in the rise and fall of neurosteroid levels under these different conditions remains to be established.
Based on their pharmacological action, 3 ,5 -reduced neurosteroids would appear to have the capacity to modulate inhibition, facilitating a regulated balance between excitatory and inhibitory influences. In order to test this hypothesis, we sought a brain area which has at least two separable GABA-ergic inputs with the aim of blocking one of these to allow for reactive plasticity to occur at the remaining GABA-ergic synapses. Unlike most brain areas, the central nucleus of the inferior colliculus (ICC) receives GABA-ergic input from a number of external sources, as well as from local interneurons (Gonzalez-Hernandez et al. 1996; Roberts and Ribak 1987; Zhang et al. 1998) . For this reason, we chose to adopt the rat ICC as our model ( Fig. 2) and, in an acute physiological experiment, permanently deactivated its major 6 in the DNLL. As the DNLL projects tonotopically to the contralateral ICC, best frequencies were matched between the nuclei to ensure that the DNLL-derived inhibitory input to the contralateral ICC neuron being studied had been deactivated (best frequency of profiled ICC neurons > 4 kHz).
Recordings from the ICC continued at regular intervals following the KA injection into the contralateral DNLL. Animals were randomly assigned to one of three treatment groups: DNLL LESION, CONTROL or FINASTERIDE + DNLL LESION (EP and single-neuron data were collected from separate animals). For CONTROL experiments, the full experimental procedure was followed except that KA was injected into the region rostral of the DNLL and ventral of the intermediate white layer of the superior colliculus. FINASTERIDE + DNLL LESION experiments differed from DNLL LESION studies only in the additional step of finasteride administration (60 mg/kg ip; Sigma-Aldrich) approximately 2 hours before recordings commenced (an average of 3 hours prior to the KA injection).
ICC 'mapping' experiments were also conducted in unlesioned animals, normal and finasteride-treated (neuronal activity was recorded between 1.5 and 5 hours after finasteride delivery), to determine the effect of finasteride on baseline electrophysiology. Finasteride is a specific inhibitor of 5 -reductase (Steckelbroek et al. 1999) . The finasteride solution (17 -N-(2-methyl-2-propyl)carbamoyl-4-aza-5 -androst-1-en-3-one; Steraloids Inc., Newport, RI) was 6mg per mL of 30% w/v 2-hydroxypropyl--cyclodextrin (Sigma-Aldrich) in isotonic saline solution. Cyclodextrins show limited transfer across the blood-brain barrier (Camargo et al. 2001) , and finasteride was administered via the intra-peritoneal route. In the experiments presented here, intra-peritoneal hydroxypropyl--cyclodextrin and isotonic saline did not alter baseline neuronal responses within the ICC.
Immunocytochemistry
Further DNLL LESION and FINASTERIDE + DNLL LESION experiments were conducted for the purpose of neurosteroid immunoassays. Procedures were as described above, but at 30 minutes post-KA, animals were perfused transcardially with saline followed by 4% paraformaldehyde (PFA; SigmaAldrich) in 0.1 M phosphate buffer (PB). For the purpose of establishing baseline staining, additional animals were anesthetized with ketamine (100 mg/kg im)/acepromazine (10 mg/kg im) and perfused when pedal and corneal reflexes were no longer present. A final group of animals was administered finasteride 4 hours prior to perfusion, in order to control for potential effects of finasteride on the basal state. Brains were post-fixed for 48 hours in 4% PFA/0.1 M PB, to which 30% sucrose was added for 7 cryoprotection. Brain tissue was sectioned parasagittally at 50 µm using a freezing microtome. The ICC generally spanned 1500 Im in the mediolateral direction, equivalent to 30 sections. We considered the ICC represented by 10 possible samples of 3 sections spaced 10 sections apart (that is, sample 1 = sections 1, 11 and 21 of the ICC; sample 2 = sections 2, 12 and 22…). One sample (that is, 3 equally spaced sections) was chosen at random (West 1999) and immunoassayed (no detergents were used to avoid possible leeching of steroids). Free-floating sections were blocked using 1% donkey serum (DS; Sigma-Aldrich) in 0.1 M PB for 1 hour. They were then incubated in 1:2500 sheep antiallopregnanolone primary antibody (purchased from Dr. R. Purdy, Department of Psychiatry, University of California San Diego) in 1% DS/0.1 M PB, for 48 hours at 4ºC on an orbital shaker (used throughout the immunoassay). After 3 x 10 minute rinses in 0.1 M PB, sections were incubated overnight in 1:200 anti-sheep/goat immunoglobulin biotinylated secondary antibody (from donkey;
Amersham Biosciences, Sydney, Australia) in 0.1 M PB at 4ºC. Following further rinses, sections were placed in 1:200 streptavidin biotinylated horseradish peroxidase complex (Amersham-Biosciences) in 0.1 M PB for 5-6 hours at room temperature. They were subsequently rinsed again, before being placed in 0.05% 3,3'-diaminobenzidine (DAB; Sigma-Aldrich) in 0.1 M PB for 10 minutes and then transferred into a solution of 0.015% hydrogen peroxide/0.05% DAB/0.1 M PB for around 3 minutes.
Finally, tissue was thionin counterstained. Sections were air-dried on gelatinized slides, mounted in DPX and coverslipped. According to radioimmunoassay, the primary antibody shows minimal crossreactivity (less than 1%) with compounds present in rat (Bernardi et al. 1998) . Our own competitive binding assays with brain slices have revealed that the majority of immunolabeling is prevented by solubilized allopregnanolone, with some cross-reactivity of the primary antibody with 3 ,5 -THDOC; this is not undesirable, as our interest lay in monitoring 3 ,5 -reduced neurosteroids, not necessarily allopregnanolone. The number of labeled cells was quantified using a 3-dimensional counting method (Williams and Rakic 1988; for discussion of applicability to frozen sections, see Williams' revision of the aforesaid paper at www.nervenet.org/papers/3DCounting.html). Sections were viewed using a Leitz Orthoplan microscope (Wetzlar, Germany), with a 100x oil-immersion objective (Leitz, Pl Apo Oel, NA 1.32) at a final magnification of 1000x, under Köhler illumination. Labeled cells (defined by dark staining and clear cellular shape/features) were counted if they were either (i) wholly within a rectangular prism (70 Im x 35 Im x 50 Im, idealized section thickness), marked out by an eyepiece reticle as the section was moved vertically or (ii) partially within the prism, but not in contact with the 8 base, front or left sides, nor their defined extensions (base extends forward-back, left-right and down; front extends forwards, but not above, nor to the right, of the prism; left side extends forward-back, left, but not above the prism). Five such counting windows were applied per section, at ICC sites chosen at random under low power, from which the mean count was calculated for each treatment group. The same was done for the well-defined midbrain nucleus, the substantia nigra pars reticulata (SNR), found in the same sagittal sections as the ICC. This served to delimit the region of altered neurosteroid synthesis and to control for bias in immunolabeling. As a check against observer bias, the 
RESULTS

Establishing the model
A test of the overall hypothesis first required a demonstration that loss of the major GABAergic input to the ICC from the contralateral DNLL was effective in reducing ipsilateral-eardominated inhibition and increasing excitability -as previously demonstrated with a shortacting blockade of DNLL activity by Li and Kelly (1992) . We then needed to show that this loss stimulated increased efficacy of the remaining, mostly interneuron-mediated and contralateral-ear-dominated, GABA-ergic inhibition. Finally, we postulated that the increased inhibitory efficacy would not occur if the effect of 3 ,5 -reduced neurosteroids at the GABA-A receptor were blocked. Given that no effective competitive antagonist for the 3 ,5 -reduced neurosteroid binding site was identified until very recently (and is unsuitable for in vivo experiments; Mennerick et al. 2004) , we addressed this hypothesis with the use of the synthetic steroid finasteride, which blocks 5 -reduced neurosteroid production. We used two recording paradigms to determine changes in the ICC response to dichotic sounds: Responses in ICC were compared between animals in three treatment groups: (i) DNLL LESION -kainic acid (KA)-induced unilateral DNLL deactivation, (ii) CONTROL -a control for the deactivation procedure, with KA delivered outside the DNLL, and (iii) FINASTERIDE + DNLL LESION -underwent DNLL deactivation, but also had the synthesis of 5 -reduced neurosteroids blocked by pre-treatment with finasteride ( Fig. 1 ).
Finasteride is a reversible inhibitor of the type 1 isozyme of 5 -reductase, the purported predominant brain type, and a time-dependent inhibitor of the type 2 isozyme in rat (Azzolina et al. 1997) . The finasteride-dosing schedule has previously been shown to prevent increases in neurosteroid synthesis in rat brain (Concas et al. 1998) and to be physiologically effective In one animal, a control KA injection was made, and 90 minutes later, KA was also injected into the DNLL. Although the control injection produced no change in ICC neuronal responses, the second injection brought about the plasticity response typically observed in the DNLL LESION group. This suggests that reduced inhibition within the ICC, due to the loss of the contralateral DNLL, triggers the reduction in ICC excitability observed in DNLL LESION animals, and that it is not due to a non-specific effect of KA injection. with over half of these cases also presenting with sustained components (4 of 7 animals).
Ipsilateral-ear drive manifested as an offset response in one animal. These responses were strong, and in 4 out of 7 animals, the maximum ICC spike count achieved after KA administration was produced in response to ipsilateral stimulation alone. An unmasking of anomalous ipsilateral-ear-evoked excitation in the ICC has previously been reported after ablation of the contralateral cochlea (Kitzes and Semple 1985; McAlpine et al. 1997 ).
In addition to the 'unmasking' of ipsilateral-ear-evoked excitation, a large elevation in spontaneous activity occurred within the ICC of finasteride-treated animals following deactivation of the contralateral DNLL ( Fig. 3F; Fig. 4B ). Spontaneous activity within the ICC, prior to deactivation of the contralateral DNLL, was very low in all experimental groups to contralateral-ear stimulation also showed an overall increase in excitability, with the manifestation varying from cell to cell in a manner appropriate to the response profile ( Fig.   3F; Fig. 4B ). Thus onset, sustained and offset response components were differentially affected, and in half the cases, differences were apparent at high versus low sound levels. 
Immunodetection of neurosteroids
The manipulation of the physiological consequences of DNLL deactivation by finasteride points to an involvement of 5 -reduced neurosteroids. Immunohistochemical staining for cells containing 3 ,5 -reduced neurosteroids was used to confirm such involvement. In the ICC the anti-allopregnanolone antiserum labeled cell bodies and large dendrites of neurons that had a distinct disc-shaped appearance. This appearance is consistent with the excitatory "principal" cells described in the ICC of many species (Irvine 1986). Glial-like cells 
DISCUSSION
Increased neuronal excitability within the ICC, directly resulting from the deactivation of the inhibitory input from the contralateral DNLL, was observed to be followed by a reduction in ICC excitability in animals that had not received finasteride. This was evident, after a delay of around 20 minutes, as increased first-spike latency and reduced spike counts in single-neuron recordings, and increased latency and decreased amplitude in local EP recordings, in response to the presentation of sounds delivered to the contralateral ear. Since the DNLL manipulation affected only ipsilateral-ear-driven inhibition within the ICC, we interpret the subsequent reduction in ICC excitability as an increase in the efficacy of intrinsic inhibitory circuits within the ICC (which can be stimulated via the contralateral ear). We then sought a mechanism for this effect. This determination required following changes in the click EP within individual animals from the time of finasteride injection, which was not undertaken in the present study (here recordings started about 2 hours after finasteride delivery). Our assay for cellular 5X-reduced steroids was based upon counting immunohistochemically positive cells. This proved useful in confirming that finasteride blocked increased 5X-reduced steroid synthesis, and showed no effect upon baseline staining. It is possible that the concentration of 5X-reduced steroids could have been reduced by finasteride even if the number of immunolabeled cells was unaltered.
In this paper, we have interpreted the data according to a model of inhibitory synaptic plasticity in which neurosteroids increase the effectiveness of GABA-ergic inhibition in response to increased excitability. An alternative interpretation of some of the results could be that GABA-ergic inhibition is enhanced by an increase in the number of GABA-A receptors.
However, translocation of GABA-A receptors from a cytoplasmic to a post-synaptic membrane locus, or de novo synthesis, requires a time course approaching one hour or more 
